to various molecules. [20, [27] [28] [29] For example, the strength and fracture toughness of common hydrogels are usually much lower than the corresponding elastomers (e.g., silicone rubbers and latex) used for the abovementioned applications; [25] [26] [27] and water-soluble molecules and viruses may diffuse through hydrogels but not elastomers. [28] [29] [30] [31] [32] [33] [34] [35] Despite recent success in developing hydrogels with extraordinary mechanical properties, the design of impermeable robust hydrogels has remained a challenge in the field.
Hydrogels, water-containing polymer networks, have been widely used in biomedical applications such as drug delivery, tissue engineering, tissue bulking agents, and contact lenses owing to their similar physiological and mechanical properties as natural tissues. [1] [2] [3] [4] [5] [6] [7] More recently, hydrogels have been explored intensively as material candidates for new applications such as medical tubing and catheters, [8] [9] [10] control elements in fluidic devices, [11] [12] [13] [14] antifouling coatings, [15] [16] [17] [18] [19] and soft electronics and machines. [20] [21] [22] [23] [24] [25] [26] However, hydrogels' promise and potential in these new applications have been significantly hampered by their low mechanical robustness and permeability www.advancedsciencenews.com www.advhealthmat.de structure, similar to bulk elastomer sheets. [31, 33] (c) The modulus of the laminate (along in-plane directions) can be tuned by varying the types of elastomer, type and composition of the hydrogel layers, and the thicknesses of the different layers. (d) Different sensing or stimuli-responsive molecules can be incorporated in different hydrogel layers of the laminate, as illustrated in Figure 1B , to monitor environmental conditions on both sides of the laminate (pH, temperature, and biomolecule concentration). [7, 12, 13, 24, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] (e) Different types of drugs and functional molecules can also be incorporated into different hydrogel sheets of a laminate and released independently from both sides of the laminate, [7, 46, [49] [50] [51] [52] as shown in Figure 1C .
The protocol for fabrication of the impermeable hydrogel laminates is described in full detail in the "Experimental Section" and outlined in Figure S1 of the Supporting Information. Briefly, a pristine elastomer sheet is immersed in a benzophenone solution in ethanol, rinsed with isopropanol and dried with compressed nitrogen. Hydrogel precursor solution, containing both stretchy and dissipative components along with sensing, stimuli-responsive or releasable molecules, is then placed on the activated elastomer surface, covered with a glass plate and cured in a UV oven. Upon exposure to UV light (λ = 365 nm), the adsorbed benzophenone molecules on the elastomer sheet act as free radical sources and grafting agents to the elastomers. [25] The thickness of the hydrogel layer is controlled by using spacers of different thicknesses. After curing this first hydrogel layer, the assembly is then flipped and the exposed elastomer surface is treated with benzophenone. Additional hydrogel precursor solution is placed on the treated surface, covered, and cured again. The result is a hydrogel-elastomer-hydrogel structure with robust hydrogel layers well bonded to the elastomer sheet in the middle.
To characterize the in-plane mechanical properties of the laminate and individual components, uniaxial tensile tests are carried out with a mechanical testing machine at a strain rate of 1.0 min −1 . The chosen materials for the laminates are latex (McMaster Carr) elastomer and PAAm-ALG tough hydrogel (see the "Experimental Section" for full details). The samples are analyzed as prepared or after soaking in 1X phosphate buffer saline (PBS; Sigma-Aldrich) for 24 h. The solid dark blue and green curves on Figure 2A show the nominal stress versus stretch curves of as-prepared single-material latex and PAAm-ALG hydrogel samples, where the nominal stress is the applied force over un-deformed cross-sectional area of the sample, and the stretch is the deformed length of the sample over its un-deformed length. The latex underwent the same treatment as when fabricating the laminate but without addition of the hydrogel precursor. Both the latex and hydrogel samples can be highly stretched without failure, but their tensile properties are dramatically different. The shear modulus of latex is µ E = 166.0 kPa and that of hydrogel is µ H = 12.8 kPa, by fitting their stress-stretch curves to a neo-Hookean model.
For undeformed laminates, the thicknesses of the elastomer layer and the combined hydrogels layers are denoted as H E and H G , respectively (Figure 2A ). Using the rule of mixture for composite materials, the shear modulus of the laminates can be calculated via 
H H H H H H
Therefore, by varying the thickness ratio of elastomer and hydrogel layers in the laminate (i.e., H E /H G ), the rigidity of the laminate can be tuned significantly. When the elastomer/ hydrogel thickness ratio is small (e.g., H E /H G = 0.08, cross sectional image shown in Figure 2D ), the stress versus stretch curve resembles that of a hydrogel sample, as shown by the red solid curve of Figure 2A . The broken red curve shows the predicted stress versus stretch curve from a neo-Hookean model using the shear modulus calculated using Equation (1). Conversely, if elastomer/hydrogel thickness ratio is large (e.g., H E /H G = 2.0, cross-sectional image shown in Figure 2C ), the stress versus stretch curve is similar to that of the elastomer, as shown by the light blue curve in Figure 2A . Again, a neoHookean model is used to predict the broken light blue curve. To expand the modulus range of the hydrogel laminates, it is possible to use stiffer elastomers such as PDMS or gutta-percha rubbers, or more compliant hydrogels (featuring lower density of crosslinks). Furthermore, these laminates feature very robust bonding between the elastomer and hydrogel layers. As demonstrated in Figure 2B , no delamination is observed when stretching a sample of the laminate up to seven times of its original length.
In addition to having tunable tensile properties, the laminates are expected to have low coefficients of friction (COFs) due to the presence of slippery, high-water-content hydrogel on the surfaces of the laminate. Tribology measurements, following the methodology introduced by Chang et al., [53] are carried out using an AR-G2 rotational rheometer in normal force control mode with parallel plate geometry. The COF is calculated from the measured torque and normal forces (see the "Experimental Section" for equations) and summarized in Table 1 .
Utilizing the rheometer steel fixture as the top plate, the COF of the samples of hydrogel, wet latex, and hydrogel laminate (with latex as the elastomer layer and PAAm-CHI as the hydrogel layer, H E /H G = 0.2) against steel is measured at three different shear rates. While the COF of all samples increases with increasing shear rate, the COFs of the hydrogel and hydrogel laminate are identical (within experimental error) and consistently 3-5 times lower than the COF of wet latex (values provided in Table 1 ). Latex is then attached to the rheometer fixture and the COF of latex against samples of hydrogel laminate, and wet latex is measured. The same trend is observed as the COFs are 2-4 times lower across all tested shear rates in the hydrogel laminate than in the wet latex. Furthermore, the measured COF between two hydrogel laminates is even lower than the COFs of steel on hydrogel laminates and latex on hydrogel laminates across different shear rates. This measured COF (between two hydrogel laminates) is in agreement with the reported COF values between swollen hydrogels. [50, 51] These results, which are expected to be independent of H E /H G , prove that the hydrogel laminates possess slippery surfaces similar to the corresponding hydrogels. Next, we demonstrate the impermeability of hydrogel laminates through a set of diffusion, release and stimuli-response tests. To examine the diffusion properties of the hydrogel laminates, a two-chamber diffusion device, shown in Figure 3A , is employed. [28, 54] Samples of hydrogel (PAAm-ALG), elastomer (latex), or the corresponding hydrogel laminate (PAAm-ALG and latex, H E /H G = 0.05) are placed between the two chambers containing a 5.0 × 10 −4 m Rhodamine B (Sigma-Aldrich) solution and deionized water (DI water, Millipore). The concentration of rhodamine B diffusing to the water chamber is monitored by measuring the absorbance at 550 nm on a spectrophotometer and converting this result to concentration using a calibration curve for known rhodamine B concentrations.
For the hydrogel sample, rhodamine B readily diffuses to the water chamber ( Figure 3B , green data). This process can be described by a pseudosteady state, 1D diffusion model which predicts a linear relationship between time and the concentration of rhodamine B in the water chamber [54] (full derivation is in the "Experimental Section"). The diffusion coefficient, calculated from the slope of the fit line (dashed green curve), is 1.80·10 −7 cm 2 s −1 and is in agreement with previously-reported values. [20] For both elastomer and hydrogel laminate samples, there is no measurable diffusion of rhodamine to the water chamber over a 2 h period ( Figure 3B , blue and red data), which demonstrates the impermeability of the laminate. Cross-sectional images of the hydrogel laminate and individual hydrogel samples after the diffusion test ( Figure 3D and Figure 3E , respectively) provide a visual confirmation of this result. The diffusion of dye occurs readily across the hydrogel but is halted at the elastomer layer in the middle of the laminate.
Taking advantage of the impermeability of hydrogel laminate, we then test the possibility of releasing different molecules from the two sides of the hydrogel sheets in the laminate. Green food dye (Fast Green FCF, Sigma-Aldrich) and rhodamine B are used as model drugs and are loaded to the two hydrogel sheets in the laminate sequentially. As shown in Figure 4A , the laminate is placed in the diffusion apparatus initially containing DI water in both chambers. The concentrations of green food dye and rhodamine B in the solutions of both chambers are measured over time using absorbance measurements. [54] The results show typical power law release profiles for both drugs over the course of the experiment ( Figure 4B ), indicating Fickian release from the hydrogel layers in the laminate (exponent ≈ 0.5). The cross-sectional pictures of the laminate before and after the experiment ( Figure 4C and Figure 4D , respectively) provide a visual demonstration of the dye release. Since the dyes used have absorbance maximums at different wavelengths (550 and 630 nm), it is possible to detect dye leakage through the impermeable hydrogel laminate by monitoring the absorbance signals at the two wavelengths in both chambers. No green food dye can be detected in the rhodamine chamber and vice versa, further validating the impermeability of the hydrogel laminates, and the possibility of spatially controlled release from the two sides of the hydrogel laminate.
In addition to releasing molecules of interest to separate environments, the impermeable hydrogel laminates also enable sensing of different types of stimulus, or different conditions of the same stimulus on the two sides. To demonstrate this capability, we add universal indicator solution (Sigma-Aldrich) to the hydrogel layers as a visual pH indicator. Using the diffusion apparatus, the laminates are contacted for 3 min with solutions of different pH on the two sides and cross-sectional images were obtained. The resulting cross-sectional images can be seen in Figure 5B -E; there are clear visual differences on the hydrogel layers depending on the pH of the contacting solutions. The nonpermeable nature of the overall structures combined with the fast diffusion of small molecules within the hydrogel layers allows for fast sensing of different pH environments on the two sides of the nonpermeable hydrogel sheet. This capability, in combination with previously developed responsive hydrogel materials, can be utilized to sense biologically relevant parameters such as glucose, pH, ion concentration, or protein levels [7, [41] [42] [43] [44] 47, 50] in separate environments. The unique capabilities of the hydrogel laminates to spatially control environmental sensing and drug release may be advantageous for healthcare applications in which these properties play a major role, such as wound and dermal care, and specific gastrointestinal and urinary tract treatments. For instance, hydrogel-coated catheters could be used to deliver anti-inflammatory drugs to the urethra while monitoring biomolecules present in the urine. The presence of hydrogel surfaces would, in addition, decrease the irritation and discomfort caused by friction. [8] [9] [10] To demonstrate this concept, we coat the outer surface of several elastomeric medical devices using a modified hydrogel laminate protocol (described in the "Experimental Section" and Figure S2 in the Supporting Information). The images of silicone tubing (VWR International), a Foley catheter (Bard Medical), and a condom (Trojan) coated with a thin and uniform hydrogel layer are found in Figure 6 . The hydrogel coating is robust and strongly bonded to the tubing ( Figure 6A ), and it does not delaminate upon folding the tubing in a knot or sharp bend ( Figure 6B,C) . The coated condom ( Figure 6D ) and catheter ( Figure 6G ) can be inflated without delamination of the hydrogel coating, as shown in Figure 6E -H. Since the hydrogel precursor is dip-coated to the devices, the resulting layer is very thin as shown in the cross-sectional images in Figure 6I -K.
These results demonstrate that the strategy introduced in this work can be used to create medical devices based on hydrogel-elastomer laminates. The high robustness and stretchability of the hydrogel-elastomer laminates can allow for proper functioning of the devices under stresses and deformations. The tough hydrogel coatings used in this study are biocompatible [28, 36] and can prevent bacterial adhesion, as shown in Figure S3 in the Supporting Information. While the lubricious and highly hydrated surfaces are expected to improve the protein adsorption, anticlotting and foreign-body reaction of the devices as compared to the uncoated options, further work is needed to characterize these responses. Moreover, the coating protocol can be adjusted to include drugs in the hydrogel coating or to introduce hydrogel components with known biological responses such as PEG, hyaluronic acid, and zwitterionic groups. [55] In summary, we present a strategy to combine the permeable, compliant, tunable, and slippery nature of tough hydrogels with the nonpermeable and relatively rigid properties of elastomers via hydrogel-laminate structures. Robust bonding of hydrogels and elastomer allows for the assembly of such structures, which can be stretched up to seven times without delaminating. These hydrogel laminates can be tuned to match a wide range of mechanical properties from pure elastomer to pure hydrogel while maintaining a surface with a very low coefficient of friction. In addition, these hydrogel sheets are impermeable to small molecules across the laminate structure, feature that enabled controlled release of different drugs, and sensing of different stimuli on the two sides. We then use the strategy introduced here to coat several medical devices with a tough hydrogel coating that can be used for sensing and releasing while reducing the surface friction of these devices.
Experimental Section
Fabrication of Impermeable Hydrogels: All chemicals used in this work were purchased from Sigma-Aldrich and used as received, unless indicated otherwise. The impermeable hydrogel laminates were made by bonding two hydrogel layers containing either acrylamide-alginate (AAm-ALG) or acrylamide-chitosan (AAm-CHI) to a thin elastomer sheet.
The acrylamide-alginate hydrogel was made by mixing 1 mL of a previously degassed aqueous pre-gel solution (12 wt% acrylamide (Sigma-Aldrich A8887), 2 wt% sodium alginate (Sigma-Aldrich A2033)) with 60 µL of 0. The elastomer sheets were cut from a latex roll (McMaster Carr), rinsed with isopropanol (Sigma-Aldrich W292907), and dried with a stream of nitrogen gas. Then, a 10 wt% benzophenone (Sigma-Aldrich B9300) solution in ethanol (Sigma-Aldrich 459844) was placed on the top surface for 1 min, and the sheet was rinsed with isopropanol and dried. The hydrogel pre-gel solution was quickly placed on top of the latex sheet and covered with a chlorosilane-treated (GlassFree, National Diagnostics) glass plate. Then, the assembly was placed in a UV oven (365 nm UV; UVP CL-1000) for 1 h to cure. The assembly was removed from the oven and flipped. The exposed latex surface was rinsed with isopropanol and treated with 10% benzophenone solution in ethanol, and dried with nitrogen. More hydrogel pre-gel precursor was poured, covered with a glass plate, and cured for another hour. The laminate was removed from the glass plates, and imaged and tested as prepared or after immersion in 1× PBS for 24 h.
Hydrogel Coating of Medical Devices: Silicone medical tubing (VWR International) was cut into ≈10 cm segments, rinsed with isopropanol (Sigma-Aldrich W292907), and dried with a stream of nitrogen gas. Then, individual segments were oxygen-plasma-treated for 45 s (30 W at a pressure of 350 mTorr; Harrick Plasma PDC-001), submerged for 60 s in a 10 wt% benzophenone (Sigma-Aldrich B9300) solution in ethanol (Sigma-Aldrich 459844), rinsed with isopropanol, and dried. The tubing segments were then dip-coated in a modified acrylamide-chitosan hydrogel precursor solution (composition detailed below) and cured by UV exposure (365 nm UV; UVP CL-1000) for 1 h inside a custom-made with a glass cover filled with nitrogen. After curing, the coated tubing was rinsed in PBS for 1 h before imaging. The catheter (Bard Medical BARDIA Latex Foley Catheter, 16 Fr.) and condom (Trojan ENZ) were coated using the same protocol but leaving the devices intact.
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The modified acrylamide-chitosan hydrogel was made by mixing 1 mL of a previously degassed aqueous pregel solution (18 wt% acrylamide, 2 wt% chitosan, and 2 wt% acetic acid) with 40 mg of glucose (SigmaAldrich G5767), 30 µL of 1.0 wt % glucose oxidase (Sigma-Aldrich G2133), 60 µL of 0.2 wt% BIS, 15 µL of 0.2 m APS, 60 µL of 0.5 m sodium tripolyphosphate, and 1.0 µL of TEMED.
Imaging of Coated Medical Devices: The coated devices were cut with a sharp razor blade and immersed in a 1 × 10 −3 m fluorescein (fluorescein sodium salt, Sigma-Aldrich 46960) aqueous solution for 1 min. The images were obtained using the built-in camera of a Nikon Eclipse LV100ND fluorescent microscope.
Mechanical Testing: All uniaxial tensile tests were conducted in ambient air at room temperature. The tests took place in a few minutes, so the change of properties due to dehydration was not significant. Pure hydrogel, elastomer, and impermeable hydrogel laminate samples were cut (approximate size: 5 cm × 1 cm) and stretched using a universal mechanical testing machine (2 kN or 20 N load cells; Zwick/Roell Z2.5) by gripping directly to the fixtures. The grip-to-grip separation speed was set to 20 mm min −1 for all tests, resulting in a nominal strain rate of 1.0 min −1 . All tests were done in triplicate.
Coefficient of Friction Testing: All tests were conducted at room temperature using a controlled stress rheometer AR-G2 (TA Instruments, New Castles, DE, USA) in normal force control mode with 20 mm steel parallel plate fixtures. Hydrogel, elastomer, and impermeable hydrogel laminate (approximate size: 4 cm × 4 cm) samples were cut and placed in between the fixtures for testing. After placing the solvent trap, filling with water to minimize dehydration and zeroing the forces, a normal force of 0.4 N was applied to the sample. The sample was allowed to equilibrate for 10 min, then a set shear rate (0.1, 0.5, 1.0 s −1 ) was established. After a 10 min equilibration interval, torque was measured over a 10 min interval. Following published methodology, [53] the friction force (F R ) was calculated using Equation (2), below, where T is the torque and R is the radius of the parallel plate fixture. The COF was obtained by dividing the time-averaged friction force over the time-averaged normal force (N), as shown in Equation (3). All tests were done in triplicate, and the standard deviation was reported
Diffusion, Release, and Sensing Testing: A two-chamber diffusion device was made using cast acrylic plates (McMaster Carr), and small magnetic stir bars and stir plates (VWR International) were used for stirring. For the diffusion tests, a 3 cm × 3 cm hydrogel, elastomer, or impermeable hydrogel laminate sample was placed between the chambers and screwed tightly to prevent leakage from the chambers. A 5.0 × 10 −4 m rhodamine B solution (Sigma-Aldrich R6626) was placed on one chamber while DI water was placed in the opposite chamber, and 1 mL aliquots were taken every 10 min and placed in a disposable cuvette. Absorbance was measured using a spectrophotometer (BioMate 3S, ThermoFischer Scientific) and converted to concentration using calibration curves of solutions with known concentrations. The setup for release experiments was identical except both chambers initially contained DI water with rhodamine B and green food dye (Fast green FCF, Sigma-Aldrich F7252) being released from the hydrogel. For rhodamine diffusion and release, a wavelength sweep was performed to determine the maximum absorbance, which occurred at 550 nm. The calibration curve was constructed by measuring absorbance of standard solutions in the 0-50 × 10 −6 m range. For green food dye release, the maximum absorbance occurred at 630 nm. The calibration curve was constructed by measuring absorbance of standard solutions in the 0-200 ppm range.
To calculate the diffusion coefficient of the PAAm-ALG hydrogel, a simple pseudosteady state was employed as the chamber volume was much larger than the hydrogel sample volume and the characteristic diffusion time scale across the hydrogel membrane [20] (t D = L 2 /D ≈ 3 min) was smaller than the experiment time scale (≈120 min). Therefore, the transient contribution of the diffusion equation can be neglected. Moreover, due to the geometry of the system, the diffusion can be assumed to be unidimensional, so the full diffusion equation can be simplified to 
The flux of dye (J) was calculated from Fick's first law of diffusion (J = −D (dc/dx)) and equated to the flux corresponding to the change in concentration of the downstream chamber (J = c L V D /At), where V D is the chamber volume, A is the sample area normal to the diffusion direction, and t is the time. This yields Equation (6)
In this expression, K is the dye partition coefficient. By taking the time derivative of this expression and rearranging, Equation (7) is obtained, which indicates that the slope of normalized concentration (c L/ c 0 ) versus time will be directly proportional to the diffusion coefficient [54] 
For the rhodamine B diffusion experiment, the measured value of KD = 1.80 × 10 −7 cm 2 s −1 . Assuming K ≈ 1, the value was in good agreement with previously published diffusion coefficient values. [20] Bacterial Adhesion Testing: An engineered Escherichi coli strain expressing green fluorescent protein previously used by this group [27] was cultured in a 24-well plate above 8 mm round samples of latex, glass or swollen hydrogel laminate (PAAm-ALG and PAAm-CHI, as described previously). Streptomycin sulfate (Sigma-Aldrich S9137) was added to the two laminate formulations, at a final concentration of 0.1 wt%. After incubating at 37 °C for 24 h, the samples were removed, rinsed with PBS to remove free-floating bacteria, and imaged with a fluorescent microscope (Nikon Eclipse LV100ND).
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